High-performing thermoelectric materials such as Zn4Sb3 and PbTe have atomic disorder as the root to their favorable properties. This makes it extremely difficult to understand and model their properties at a quantitative level, and thus effective structure-property relations are challenging to obtain. Cu2-xSe is an intensely studied, cheap and non-toxic high performance thermoelectric, which exhibits highly peculiar transport properties, especially around the β to α phase transition around 400 K, which must be related to the detailed nature of the crystal structure. Attempts to solve the crystal structure of the low temperature phase, β-Cu2-xSe, have been unsuccessful since 1936. So far all studies have assumed that β-Cu2-xSe has a three-dimensional periodic structure, but here we show that the structure is ordered only in two dimensions while being disordered in the third dimension with a random stacking sequence. Using the three-dimensional difference pair distribution function (3D-∆PDF) analysis method for diffuse single crystal X-ray scattering, we solve the structure of the ordered layer and show that there are two modes of stacking disorder present, which give rise to an average structure with higher symmetry. The present approach allows for a direct solution of structures with disorder in some dimensions and order in others. The local and extended structure of a solid determines its properties and Cu2-xSe represents an example of a high-performing thermoelectric material where the local atomic structure differs significantly from the average periodic structure observed from Bragg crystallography.
Introduction
The discovery of disorder effects in crystal structures, which were previously believed to be ordered, has made it possible to explain properties of solids, which could not previously be understood. This has been especially important to the field of thermoelectrics, where disorder effects have clarified the fundamental origin of the low thermal conductivity in PbTe, clathrates and Zn3Sb4 [1] [2] [3] . Ordered crystal structures are solved through analysis of either X-ray or neutron diffraction data, where the periodicity of the crystal leads to sharp and intense Bragg peaks in the diffraction pattern. Disorder on the other hand gives rise to weak diffuse scattering, which is broad in reciprocal space. In crystals with an average order and local disorder, the scattering will contain both sharp Bragg peaks as well as weak diffuse scattering, making it difficult to measure the diffuse scattering accurately, as it is often more than three orders of magnitude weaker than Bragg diffraction. In recent years, the measurement of diffuse scattering from single crystals has been made easier due to improvements in detector technology as well as improved X-ray and neutron sources.
Cu2-xSe is a promising thermoelectric material as it is cheap, nontoxic and has a high thermoelectric figure of merit (zT) . The compound has a phase transition at 350-410 K depending on the degree of Cu deficiency [4, 10, 13, 15, 17, 21] . Both low-and hightemperature phases have been studied for their thermoelectric properties, while the high-temperature phase is also a superionic conductor [16, 18, 22, 23, 25] . The compound has been described as a phonon-liquid electron-crystal material due to its good electrical conductivity and low thermal conductivity [14] . Much interest has concerned the highly peculiar behavior of the transport properties around the phase transition, where a large enhancement in zT is observed [9, 11, 15] .
There is some confusion in the literature about the nomenclature for the low-and high-temperature phase of Cu2-xSe. Here we use the original labeling by Rahlfs [26] , which names the low-temperature phase as β-Cu2-xSe and the high temperature phase as α-Cu2-xSe. The high temperature α-Cu2-xSe has the cubic anti-fluorite structure with the Cu atoms distributed in a disordered way on the corners and center of tetrahedra between the layers of the fcc Se-lattice [4, 12, 27, 28] .
The structure of β-Cu2-xSe has been discussed since 1936 [26] , and more than 10 different unit cells for the structure have been proposed, some of which were collected in the 1987 paper by Milat et al. [29] . The crystal systems of these proposed unit cells span triclinic, monoclinic, orthorhombic, tetragonal, trigonal and cubic. In 2011 Gulay et al. reported to have solved the structure of β-Cu2-xSe from Figure 1 . Measured X-ray scattering for β-Cu1.95Se at 300 K. a) HK0 plane with strong reflections which give an average structure with spacegroup R3 � , while weak reflections are seen between the main reflections. b) qx=0 plane where rows of Bragg peaks are seen with lines of diffuse scattering between them. c) qy=1.00Å -1 plane which only has diffuse scattering lines X-ray diffraction [30] , but their model had a very low agreement with the data and was later shown to be incorrect [4] . Later studies by Brown et al. attempted to find the structure using pair distribution function and density functional theory analysis [9] [10] [11] . Even with all these large efforts in understanding the structure of β-Cu2-xSe, there is still a wide acknowledgement that a sufficient structural model
has not yet been found [4-10, 12, 26, 29-33] . One reason for this lack of structural information is the difficulty in synthesizing high quality single crystals of the β phase. As the high temperature α phase is cubic, the low temperature phase easily becomes twinned. However, this difficulty is not enough to explain the problem of solving the structure. In 2017 Eikeland et al. showed that the diffraction pattern of a very high quality single crystal of β-Cu2-xSe can be divided into strong main reflections and weak superstructure-reflections and was able to solve the average structure from the main peak intensities only [4] . This average structure contains ordered Se sites and Cu on disordered sites. The information about the Cu ordering is then contained in the weak reflections. Figure 1a shows the HK0 plane of the scattered X-ray intensity from β-Cu2-xSe at 300K, where the strong main reflections and weak superstructure reflections can be seen. Several superstructures for the Cu ordering have been proposed, of which most have very small differences in energy [4] [5] [6] [7] [8] 30] . However, none of these have so far been in good agreement with experimental X-ray scattering data. We show here that the previously reported superstructure reflections are not Bragg reflections, but instead diffuse scattering rods, showing the structure to have a two-dimensional ordered superstructure and one-dimensional disorder. These diffuse rods along the l-direction of reciprocal space can be seen in Figure 1b -c. We analyze this diffuse scattering data using the three-dimensional difference pair distribution function (3D-ΔPDF) method [34] [35] [36] [37] , which makes it possible to directly construct the two-dimensional superstructure of the layers as well as identify the one-dimensional disorder of the layer stacking. The 3D-ΔPDF is defined as the inverse Fourier transform of the scattered diffuse intensity, which is equal to the autocorrelation of the difference between the total electron density and the average periodic electron density [37] :
Where, ( ) = ( ) − ( ) is the difference electron density, 〈… 〉 is the experiment time-average and ⊗ the crosscorrelation operator. The autocorrelation of the difference density will have positive peaks for vectors separating more electron density than in the average periodic structure, and negative peaks for vectors separating less electron density than the average periodic structure.
As the 3D-ΔPDF gives a direct-space three-dimensional view of the correlations in the system, it provides an intuitive way to understand the information contained in the scattering data. Unlike the frequently used one-dimensional PDF technique [38] , the 3D-ΔPDF method separates interactions at equal distances but different spatial directions, and it also makes observation of weak disorder possible in systems with a superimposed average order.
From the 3D-∆PDF analysis, we find that the structure consists of ordered layers, which are stacked in a disordered way. There is only one type of layer, which can be described using layer group symmetry, whereby only four atomic coordinates are needed. We then find that there is a random sequence of this layer and its mirror image as well as a disorder in three possible inter-layer vectors. We then compare the found structure to suggested structures in the literature and show that many of the previously proposed structures are periodic repetitions of units, which will be found in the real disordered structure.
Methods
Single crystals of β-Cu2-xSe were grown using chemical vapor transport (CVT) with iodine as a transport agent as previously reported in [4] . The average structure was studied at 300 K on a SuperNova diffractometer from Agilent Technologies, using Mo Kα radiation (λ= 0.71073 Å). Diffracted intensities were collected on a CCD detector and the data integrated and corrected for absorption using CrysAlisPro [39] . The structure solution and refinement were carried out with SHELXS and SHELXL, respectively, using the Olex2 GUI [40] [41] [42] . The occupancies of all Cu sites were allowed to refine freely, while the occupancy of Se was fixed to 1. The diffuse scattering experiment was carried out at the 15-ID-D beamline at the Advanced Photon Source. A single crystal of Cu2-xSe (90 μm octahedron) was glued to the end of a thin glass pin using epoxy and mounted on a Huber kappa-geometry goniometer. Data was measured using 40keV X-rays with a sample to detector distance of 120 mm on a Dectris Pilatus 1M CdTe detector. As the detector has gaps between the detector modules, 3 runs were measured with different detector position to avoid any missing data. Each run was a 360 degree omega rotation with phi and kappa at 0. Each frame was measured every 0.1 degrees during a continuous rotation. After the experiment the crystal was removed and the background air scattering was measured separately for later subtraction. The data was converted to reciprocal space using a Matlab script written by Martin von Zimmerman [43] . During this process the data was corrected for Lorentz and polarization factors, the background scattering from air was subtracted, and a solid angle correction was applied as the detector was flat. The resulting data was symmetrized using the 3 � point symmetry of the Laue group. The resulting scattering data was reconstructed on a 901 x 901 x 901 point grid with each axis spanning ±19.5 Å -1
. In order to obtain the 3D-ΔPDF, the Bragg peaks were removed and replaced by interpolated values using a punch and fill method, as previously described in the supporting information of reference [44] . The resulting data containing only the diffuse scattering was then Fourier transformed to give the 3D-ΔPDF. The calculated scattering based on the found model for the structure was calculated using a python script. First the atomic scattering factors for Cu and Se are calculated on a 501 x 501 x 501 point grid for the same range as the experimental data using the parametrized scattering factors by Doyle and Turner [45] . The scattering for one unit cell of the ordered layer structure is then calculated using the structure factor equation
where is the scattering vector and the coordinate of the j'th atom in the layer unit cell based on the model in Table 2 . The scattering of one ordered layer is calculated by
where is the translational vector to the j'th unit cell in two dimensions. The scattering of the mirrored layers is given by the mirror of . The scattering for a sequence of layers is then calculated as
where is the vector to the j'th layer and is the scattering factor for the j'th layer. Finally the intensity is obtained through
To calculate the 3D-ΔPDF based on the found model, the calculated intensity for the average structure is subtracted from the calculated intensity for the model and the Fourier transform is taken.
Average structure
The average structure which was solved and refined from the Bragg diffraction data is identical to the one previously reported [4] and is shown in Figure 2 . Structural data is given in Table 1 . The structure is build up from hexagonally close packed Se layers stacked in a distorted face centered cubic (fcc) pattern along the c-axis in the hexagonal unit cell. The Cu atoms are disordered over three different sites. Two of these sites, marked Cu1a and Cu1b in Figure 2a are very close and have occupancies of 1/3 and 2/3 respectively, within two standard deviations. From chemical considerations, it is expected that when a Cu1a site is filled, the Cu1b right next to it will be empty and vice versa. The last Cu site, marked Cu2, forms small triangles with each corner filled 1/3 as seen in Figure 2b . Also for this site it is expected that only one Cu position in each of the triangles will be occupied in the real structure. The structure can be seen as layered, where each layer consist of two Se layers, two Cu1a layers, two Cu1b layers and two Cu2 layers. One such layer is marked with a curly bracket in Figure 2a , and Figure 2b shows one such layer from above. Between these layers are a gap of ~3Å, and the interactions between the layers is expected to be weak. From the structural refinement, the composition is found to be Cu1.95(2)Se, in quantitative agreement with refinements on previous crystal from the same synthesis batch [4] , which suggests that there is a ~2.5 % deficiency of Cu. However, it should be mentioned that the present refinements, like the previous in the literature, used the independent atom model with neutral Cu and Se species. Since the structure probably contains species closer to Cu + and Se 2- , the real Cu content may in fact be closer to the stoichiometric Cu2Se.
Two-dimensional order -one-dimensional disorder
The diffuse scattering contains the information on the local deviations from the average structure. In Figure 1b and c strong diffuse features are seen as thin lines along the l-direction of reciprocal space. This one-dimensional diffuse scattering reveals the presence of two-dimensional ordering and one-dimensional disorder. From the average structure, it is expected that the one-dimensional disorder may arise from stacking faults of layers, which have a two-dimensional ordered superstructure. To confirm this and to find the exact ordering and disorder we use the 3D-ΔPDF, which is obtained as the Fourier transform of the diffuse scattering. To illustrate the method by which the 2D ordered structure can be solved, a layer of Cu2 sites is shown in Figure 3 together with a small part of the 3D-ΔPDF for the z = 0 plane. The Cu2 layers are perpendicular to the c-direction of the unit cell of the average structure and contain small triangles of Cu, with each corner of the triangles having 1/3 occupancy in the average structure.
We start by assuming that the site marked "O" is occupied by a Cu atom. The two immediate neighbors in the same triangle are separated from "O" by a distance of 0.88Å and cannot be occupied at the same time as "O". This is confirmed by the 3D-ΔPDF, where there is a positive peak at the origin surrounded immediately by a negative ring. Positive peaks in the 3D-ΔPDF show vectors for which the real structure has more electron density separated by that vector compared with the average structure. In the same way a negative peak occurs for vectors which separate less electron density compared with the average structure. As all atoms are always separated from themselves by the zero vector, which is different to the average structure, a positive peak will always be found at the zero vector in the 3D-ΔPDF. The average structure gives electron density separated by the vectors between the Cu sites within one triangle. As this does not occur in the real structure, these vectors shows negative regions in the 3D-ΔPDF. To find the ordering of Cu between the triangles we then look at longer vectors in the 3D-ΔPDF. Some of the sites in Figure 3 are marked by numbers. The vectors from "O" to the numbered sites are marked in the 3D-ΔPDF using the same numbers. It is found that for vectors from "O" to each corner of a triangle, only one will be in a positive region of the 3D-ΔPDF, and the remaining two in the negative regions. This shows that there is a unique ordering of the Cu2 layers. The red-tinted sites in Figure 3 show the occupied Cu sites assuming that "O" is occupied. Longer correlations can then be seen in Figure 4 , where larger cuts through the 3D-ΔPDF are shown. The same method for finding the ordered structure of a layer with the same z-coordinate is then used for the other Cu layers in the structure. The correlations between layers are then found for the z ≠ 0Å parts of the 3D-ΔPDF. Figure 4b shows one such layer with z = 0.81Å. In this way, the ordered superstructure can be solved, as the possible sites and amounts of filling is known from the average structure.
The one-dimensional disorder can also be seen from the 3D-ΔPDF when looking at longer correlations in the z-direction. Figure 4c shows the y = 0 Å plane. The ordering of the layers is seen as strong features in the xy plane, while the stacking disorder is seen by the fast decay of features in the z direction. The longest distance in the z-direction with strong features is seen to be around 5Å. This is also the thickness of the layers in the structure and thus there is disordering in the stacking of layers. It is therefore meaningful to describe the structure by perfectly ordered two-dimensional layers with stacking disorder. The ordered layer superstructure is shown in Figure 5 . The layer is three-dimensional with translational symmetry in two dimensions and point symmetry in the third. This type of symmetry is best described using the subperiodic layer groups [46] , and the layer has p3 � layer group symmetry. The new unit cell and symmetry elements of the layer are shown in Figure 5b . Using this description only one Se site and four Cu sites are needed. The unit cell dimensions, atomic coordinates, Wyckoff positions and their related sites in the average structure are given in Table 2 . Note that the coordinates x and y are given as relative coordinates with respect to the unit cell axis, while the z coordinate is given in Å. The 3D-ΔPDF permits two types of layers, which have the same structure but are related by the mirror operation (x,y,z)→(y,x,z) in the layer coordinate system. As the layer itself has an inversion center this mirror is the same as turning the layer upside-down by rotating the layer 180 degrees around [11 � 0] .
The one-dimensional disorder along the c-direction can be explained through the symmetry relation between the average structure and the ordered layer structure. The unit cell of the ordered layer structure is a superstructure in the ab plane with = − and = 2 + , which makes � � = √3� �. As the ordered layer symmetry is p3 � while the average structure has symmetry R3 � m, the disorder in stacking gives the average structure its mirror plane and the R-centering as well as a smaller unit cell. The mirror plane gives the possibility of two types of layers in the structure, one which is the mirror image of the other, which was also identified from the 3D-ΔPDF. In the average structure the relation from one layer to the next is given by the R-centering vector ). This means that there are two modes of disorder in the c-direction of Cu2-xSe. One is whether each layer is mirrored or not and the other which of the three inter-layer vectors relate one layer to the next. Both of these disorder modes are needed to construct the average structure. From the 3D-ΔPDF along the z-direction, as seen in Figure 4c , there are no significant features at lengths corresponding to inter-layer vectors, and this means that the stacking of the layers is random.
To check the validity of the proposed model, the scattering and resulting 3D-ΔPDF has been calculated for a model with a random stacking of layers, where both the sequence of mirrored and non-mirrored layers is random as well as a random order of the three interlayer vectors connecting one layer to the next. The 3D-ΔPDF from this model is shown in Figure 4d , e and f, and a good agreement with the measured 3D-ΔPDF is found. The calculated scattering for two planes is shown together with the experimental data in Figure  6 . Both the Bragg peaks and thin diffuse lines are recreated in the scattering pattern calculated from the model. Theoretical scattering patterns were also calculated from structural models where only one of the modes of disorder (mirror or inter-layer translation) were used, but these patterns are not in agreement with experimental data. When looking at the experimental scattering, it is seen that in addition to the strong Bragg peaks and weak diffuse scattering rods, there is also a much weaker broad diffuse scattering term, which is not reproduced by the calculation. This diffuse term is three-dimensional and slowly varying, which means that is gives information about very short-range correlations within the ordered layers. This is most likely thermal diffuse scattering, from correlated atomic A triangle marks a three-fold axis; a circle marks an inversion center. Table 2 . Structure of ordered layer in β-Cu1.95Se. Note that x and y coordinates are given relative to the unit cell axis, while the z coordinate is in Å. The mirrored layer with the operation (x,y,z)→(y,x,z) is also permitted.
motion, as the measurement was carried out at 300 K. However, it could also be related to the slight Cu deficiency of the structure. Further analysis of this very weak secondary diffuse term as a function of temperature might give insight into the mechanism of the Cu diffusion in the material.
Comparison with suggested superstructures in literature
A number of superstructures for β-Cu2-xSe have been suggested in the literature. However, none of them are in good agreement with the measured scattering data. Common to all of the proposed models is the assumption of a periodic structure in three dimensions in contrast to the real structure reported here, which is ordered in two dimensions and has stacking disorder in the third dimension. However, many of the suggested structures are periodic repetitions of structural units, which also occur in the real disordered structure. Gulay et al. suggested a monoclinic structure (spacegroup C2/c) with 4 layers going through the unit cell [30] . The layers themselves are in fact equivalent to the 2D layer shown in Figure 5 , but the stacking sequence is given by two identical layers, then two mirrored layers and so on. Liu et al. suggested two different structures based on DFT calculations [5] with one being a monoclinic structure (spacegroup C2/c) and the other being triclinic (P-1). Both of these also have the ordered 2D layers shown in Figure 5 . The triclinic structure has a stacking of identical layers, whereas the monoclinic structure has a stacking of alternating mirrored and non-mirrored layers. It was noted that these two structures were very close in energy. Lu et al suggested another triclinic structure (spacegroup P1), which has stacking of only one slightly distorted layer. They suggested that several of the proposed structures form together based on electron microscopy [6] . Qiu et al. suggested three additional structures with very small energy differences, and based on electron microscopy measurements they also suggested that the structures coexist. They suggested two triclinic structures (spacegroups P-1) and one monoclinic structure (spacegroup C2/c), which all have slightly distorted layers compared to the ones found here [7] . Both the triclinic structures have stacking of one layer type (no mirrored layers) and the monoclinic structure has alternating mirrored and nonmirrored layers. Nguyen et al. suggested a monoclinic structure (P21/c), which does not resemble the real structure reported here [8] .
Eikeland et al. proposed a monoclinic superstructure (C2/c) with two types of layers stacking in an alternating sequence. One of the layer types is the correct ordered layer while the other does not resemble the correct ordered layer [4] . plane. The calculation is based on a random stacking of layers generated with both a random order of mirrored and non-mirrored layers as well as a random order of the three possible inter-layer vectors (see text). The calculation does not take atomic vibrations into account.
Concluding remarks
High-energy synchrotron radiation in combination with low noise detectors has made it possible to measure weak diffuse scattering signals from advanced materials in large volumes of reciprocal space. From such data it is becoming increasingly evident that structural disorder is present e.g. in key thermoelectric materials such as PbTe and Cu2-xSe, and, moreover, that this disorder is critical for giving the materials their desirable properties. The apparent disorder is not fully random, but correlated, and by using 3D-ΔPDF analysis of single-crystal diffuse X-ray scattering we show that it is possible to solve structures that are ordered in some dimensions but disordered in others. Correlated disorder means that there is a local order in regions of the crystal dictated by specific chemical bonding interactions. The term local order might therefore be more describing than correlated disorder.
Here we have studied the thermoelectric material β-Cu2-xSe for which the structure has been discussed since 1936 without any satisfying structural models being able to explain the measured scattering data [4-8, 26, 29-33] . The reason for this failure has been that all previous structural models have assumed three-dimensional periodicity as well as difficulties in synthesizing high quality single crystals. The real structure of β-Cu2-xSe consists of two-dimensional ordered layers, which stack in a random sequence. Using the 3D-ΔPDF, the structure of the ordered 2D layer could be determined by methods related to the crystallographic Patterson analysis. In addition, the precise modes of stacking disorder could be identified. Two disorder modes are present in the stacking, one being the sequence of mirrored and non-mirrored layers and the other being the sequence of three possible inter-layer vectors. The disordered stacking gives rise to an average structure with higher symmetry. Several of the previously suggested structures in the literature, which have been noted to have very small differences in energy, in fact have the correct 2D layer structure, but they all assume various periodic stacking sequences [5] [6] [7] 30] . This underlines the importance of considering non-periodic structures in materials science. In general, the crystal structure induces the specific physical properties of a material, and any kind of quantitative modelling of real materials therefore must use the correct crystal structure. We have constructed the new structural model for Cu2-xSe based on a combination of standard crystallographic analysis of Bragg diffraction data, giving the average structure, and 3D-ΔPDF analysis of the diffuse scattering, giving the deviations from the average structure. The 3D-ΔPDF gives an intuitive and direct method for structural solution of disordered systems without the need for reverse Monte-Carlo simulation or energy minimization calculations.
